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Abstract
The objective of this research is to experimentally investigate the transient operating characteristics of a titanium-water loop heat pipe subjected to a phase-coupled evaporator heat input and acceleration field. The acceleration field was generated using a centrifuge table by varing the radial acceleration. Both evaporator heat input and radial acceleration were generated as periodic sine functions at a frequency, f = 0.05 Hz. Evaporator heat input and radial acceleration peak-to-peak values varied from 100 W ≤ ≤ 700 W and 3.0 g ≤ ar ≤ 10 g respectively. The radial acceleration sine function was initiated either at the same time as the evaporator heat input function or delayed resulting in varying phase angles, φ = 0°, 180°, and 270 °C. The inlet condenser cold plate coolant temperature were varied at Tcp = 45 °C, 50 °C, and 60 °C. The rejected heat from the condenser was measured over time and compared as a first-order thermal system with a time constant and delay. It was found that energy was dissipated in the condenser as a second-order phenomena and varied with phase evaporator heat input and acceleration field phase angle and condenser input temperature. The equivalent time constant tended to decrease with increasing phase angle and decreasing condenser inlet temperature while the delay time increased with increasing phase angle and decreasing condenser inlet temperature.
Introduction
The loop heat pipe (LHP), due to its passive heat transport capability, is one potential solution for a variety of aircraft thermal management challenges such as cooling power electronics components. At best, the LHP represents the transport of heat due to the complex interaction of numerous thermodynamics forces 1 . Its operation can embody a variety of dynamical responses when perturbed by driving forces such as evaporator input heat rate load and temperatures of the condenser and compensation chamber 2 . In addition, the LHP can also be sensitive to external body forces, such as transitory acceleration induced forces, that may alter the LHP dynamical performance and stability. Typically, the LHP has been assumed to be insensitive to acceleration induced forces due to the design and wicking properties of the discrete capillary structure within the evaporator. Ku et al. 8, 9 studied the effect of the acceleration induced forces on the LHP operating temperatures. When a centrifugal force was applied to the LHP, it was found that steady-state acceleration induced forces altered liquid/vapor distributions within the LHP which significantly influenced its performance and temperature oscillation.
The physical meaning of and subsequent LHP performance resulting from acceleration induced forces on the condenser operation is not well understood. It is suspected that with combined heat input and elevated acceleration, competing thermodynamic forces and steadystate acceleration induced forces must balance allowing the LHP to either operate or fail. At best, the normal performance of a LHP involves complex coupled thermodynamics associated with fluid thermal properties and thermodynamic forces throughout the LHP. In an accelerating environment, steady-state or transitory, the prediction of LHP performance is difficult without a thorough understanding as to the nature of competing or complementing thermodynamic induced forces with acceleration induced forces across the entire LHP.
Fleming et al. 10 and Yerkes et al. 11 investigated performance of a titanium-water LHP mounted on a centrifuge and subjected to elevated steady-state and steady-period acceleration fields. These preliminary experimental investigations defined the steady-state and transitory operating characteristics of the LHP subjected to a combined steady-state input heat rate and elevated steady-state and steady-period acceleration fields.
This study experimentally investigates the transient operating characteristics of a titaniumwater loop heat pipe subjected to a phase-coupled evaporator heat input and acceleration field. Both evaporator heat input and radial acceleration were generated as periodic sine functions at a fixed frequency. The radial acceleration was delayed and phase-shifted from the evaporator heat input to evaluate transitory performance and failure conditions of the LHP. Approved for public release. Distribution is unlimited. Table 1 shows the titanium-water LHP design parameters as studied by Fleming et al. 10 and Yerkes et al. 11 and used in this research. Figure 1 schematically shows the experimental apparatus consisting of a 2.44-m horizontal centrifuge table and the titanium-water LHP. Power and instrumentation signals were passed through separated rotational slip rings to minimize electrical noise and interference. Transient acceleration measurements were made using a rectangular coordinate system orthogonal triaxial Columbia (model SA-307HPTX) accelerometer with an uncertainty of ±0.01g. The accelerometer was mounted such that the radial acceleration component was aligned with y-axis. The accelerometer output was consistent with a right-hand coordinate system with the y-axis and x-axis mounted in the radial direction and the tangential direction respectively. To ensure proper control of the centrifuge table during the experiments, radial acceleration profiles were digitally generated, stored on a Fluke Waveform Generator (Model 292), and integrated into a LabView data acquisition and control program for the centrifuge table.
Experimental Approach
For this experimental investigation, an intermediate water coolant loop supplied coolant to the cold plate heat sink mounted to the LHP condenser. A Tek Temp cool bath, consisting of a pump, reservoir, and liquid-air heat exchanger, was operated external to the centrifuge in order to provide sufficient temperature control of the water coolant to maintain the cold plate inlet temperature, Tcp. Water coolant flow, from the cool bath, was supplied to the centrifuge through the use of a rotating hydraulic slip ring. The cold plate coolant flow rate was measured and maintained at 0.077kg/s, with an uncertainty to within 5%, using a calibrated Sponsler (model SP 711-3) flow meter mounted on the centrifuge table. Figure 1 also schematically illustrates the titanium-water LHP and thermocouple locations monitored during the experiments and the coordinate reference frame convention used to analyze the acceleration vector field. Approved for public release. Distribution is unlimited. For these experiments, the time variant radial acceleration and input heat load were controlled as a sine wave function of the form, 2 = sin 2 f + and = sin 2 f + respectively. The acceleration, while accounting for the clockwise rotation of the centrifuge, the angular velocity vector becomes where the effective acceleration is of the form
As discussed by Yerkes et al. 11 , to determine acceleration field within the LHP, the coordinate system � , � , � , as shown by Eq. 3, can be rotated to align with the radial and axial coordinates, � , � , � , of the LHP. (Note, the radial acceleration component as described is really a transverse acceleration component generated by a combination of the radial and tangential acceleration components due to the centrifuge dynamics. For this discussion, this component is acting normal to the centerline of the LHP.)
Similarly, the input heat load was generated at the same frequency as the acceleration, where
Temperature measurements were made using both calibrated type-T and type-E thermocouples with an uncertainty of ±0.05 o C. All of the low voltage thermocouple outputs were preconditioned and amplified on the centrifuge to minimize losses through the instrumentation slip ring. Bare thermocouple beads were mounted in place with thermal grease and secured with Kapton tape.
The evaporator input heat rate to the LHP was provided using a mica heater (Minco) mounted on the evaporator and powered from the output of a Kepco (model ATE-150-7M) power supply. Evaporator heater power was determined from voltage measurements across a precision resistor, in series with the evaporator heater, with an uncertainty of ±2.0%.
During the LHP operation, the compensation chamber was insulated without additional heating or cooling. Thermocouples were mounted around the centerline circumference of the Approved for public release. Distribution is unlimited. compensation chamber to measure any temperature variation as a result of fluid slosh due to induced accelerations. The LHP was mounted in such a manner as to minimize the radial variation along the length of the LHP. The vapor and liquid lines were bent to maintain the radius of curvature of the centrifuge. However, the condenser/cold plate and evaporator/compensation chamber varied in radial location due to their linear construction. This introduced an acceleration gradient along the length of the condenser/cold plate and evaporator/compensation chamber as discussed by Yerkes et al. 11 and shown in Figure 2 . 7 Approved for public release. Distribution is unlimited.
Results and Discussion
The acceleration field was generated, using the centrifuge table described, by varing the radial acceleration. The inlet condenser cold plate coolant temperature were varied at Tcp = 45 °C, 50 °C, and 60 °C. Both radial acceleration and evaporator heat input were generated as periodic sine functions at a frequency, f = 0.05Hz. Evaporator heat input and radial acceleration peak-to-peak values varied from 100 W ≤ Qin ≤ 700 W and 3.0 g ≤ ar ≤ 10 g, respectively. The radial acceleration sine function was initiated either at the same time as the evaporator heat input function or delayed resulting in varying phase angles, φ = 0°, 180°, and 270°. Figure 3 shows the Radial acceleration and input heat load showing a 270º phase angle. Figure 4 shows the rejected heat load from the condenser measured over time and a fitted exponential assuming the reponse as a first-order thermal system with a time constant and delay. Taking the difference between the integrated the rejected condenser heat load and the integrated fitted first-order exponential function, over time, results in the effective energy lost in the condenser. This is most likely due to PdV work on the fluid in the vapor line to move the liquid into the condenser during start-up.
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Approved for public release. Distribution is unlimited. Table 2 tabulates the fitted exponential time constant, delay time, run/fail conditions as related to the input phase angle, φ, and condenser temperature, Tcp. Figure 5 plots the results shown in Table 2 highlighting the runs that, over time, led to failure. Also shown is the normalized energy difference assuming the first order response, exponential fit, would be the Approved for public release. Distribution is unlimited. response if no energy was expended in the condenser. The normalized energy difference is the difference in the integrated results between this first order response and the energy removed from the condenser and represents the relative change of energy expended in the condenser during the LHP transitory operation.
In general, the time constant and sum of the time constant and delay time decreased with with increasing phase angle while the delay time increased with increasing phase angle. The condenser temperature, Tcp, also appeared to influence the time constant and delay time where the time constant and sum of the time constant and delay time decreased with decreasing Tcp while the delay time increased with decreasing Tcp. The normalized energy difference, appeared to decrease with increased phase angle and decreased Tcp. The exception to this was at the 180° phase angle with a Tcp = 50 °C and 60 °C.
The observed failure, of the LHP to operate, tended to occur after the LHP appeared to operate for an hour or more. Both phase angle and condenser temperature, Tcp, appeared to influence the time for LHP failure to occur. This may be due, in part, to the natural frequency of the fluid motion internal to the condenser being influenced, over time, by the induced forces resulting from the driving frequency of the acceleration coupled to the frequency of the of input heat load. 
Conclusion
Dynamic forces generated from acceleration transients, when combined with thermodynamic forces, can significantly impact the dynamical performance of a LHP. This is particularly true when dynamic acceleration driven forces are phase-coupled to the dynamic heat generation. For this investigation, the transient operating characteristics of a titanium-water loop heat pipe were observe when subjected to a phase-coupled evaporator heat input to acceleration field at varying condenser temperatures. Both evaporator heat input and acceleration were generated as periodic sine functions at a fixed frequency. The acceleration was delayed and phase-shifted from the evaporator heat input to evaluate dynamical performance and failure conditions of the LHP. The LHP performance appears to be due, in part, to the natural frequency of the fluid motion internal to the condenser resulting from the driving frequency of the acceleration phase-coupled to the frequency of the of input heat load. This effected the LHP time constant, delay time, and in some cases led to delayed failure. It is clear that one should clearly understand the nature of the resulting forces, i.e., magnitude and direction, which are generated from a transitory and spatial acceleration vector field and their impact on the dynamical performance of two-phase thermodynamic systems such as LHPs.
